Abstract-Within the past few years, robust superconductors known as second-generation high-temperature superconductor (HTS) tapes were developed for different industrial applications. For some of them, it is necessary to transform the flat shape of the tape into a cylindrical one. It requires special fabrication steps that include phases of large-scale bending, which induce both axial and shear stresses. It could lead to the degradation of the superconductive layer. The manufacturing process of an HTS cylindrical wire requires some analysis of stress and strain induced during fabrication. The selected process also defines the initial tape architecture. The use of the finite-element method for the analysis of the model of this complex material requires fine meshes and a lot of computation time because of the ultrathin size of the superconductive layer. In this paper, we present a simplified model, based on the classical beam theory, along with the subdivision of each layer into small sublayers affected by purely axial stress. The model is created with consideration of the plastic behavior of the HTS tape consisting of different materials. The model has been validated by its comparison with finite-element analyses on simplified cases. Then, it was used to improve the optimal design of the HTS tape on the basis of analysis of different wires used in industry. According to the analysis, some recommendations on the optimal architecture reducing the stresses in the superconductive layer, have been given. Index Terms-Mechanical numerical modelling, multilayer structure, neutral axis, plasticity, 2G HTS wire.
I. INTRODUCTION

W
ITHIN the past few years, robust superconductors known as Second Generation (2G) High Temperature Superconductor (HTS) tapes were developed for different industrial applications, in particular for power cables. The superconducting tape is a multilayer structure composed of a metal substrate, several buffer layers, a superconducting layer and a stabilizing coating. Buffer layers are necessary for creating a chemical barrier between the substrate and the superconducting layer, and therefore for a texture surface for HTS layer. Thermal expansion coefficients of different layers should match in order to withstand the difference in temperature between the coating processes and the operating temperature (below 77 K) that can exceed 900
• C. The layered internal structure of HTS tapes along with extremely weak adhesion between the layers could lead to degradation of the HTS by its delamination under mechanical loads.
The fabrication of HTS faces a major mechanical engineering challenge concerning the degradation of the properties of conductors under high mechanical stress [1] , [2] . Experimental studies of the delamination process of 2G HTS conductors were conducted by [3] , [4] . Researches on this issue conducted by [5] - [9] showed that it was necessary to investigate the mechanical properties of HTS materials in order to overcome the mechanical fragility problem. It is known that ceramic HTS tapes used in power cables could lose their superconducting property because of mechanical degradation while bending required for some industrial applications. Power cables designed as round wires instead of tapes are really compact and provide high potential for retrofitting applications in urban area for medium and high voltage power transmission and distribution networks especially in DC [10] .
In Fig. 1 the scheme of HTS tape shaping is presented. Symbolically, this shaping process can be divided into three main steps, as shown in Fig. 1 : 1-tape in the initial state; 2-tape is under the acting forces at both ends, so the shaping process starts; 3-tape is close to the final form of the cylindrical shape [10] , [11] .
Consequently, the analysis of HTS tapes transformation into cylindrical wires is considered to be a challenging issue. This analysis allows to determine the stresses and strains induced in different layers of the HTS tapes by considering some nonlinear mechanical behavior of the different layers. The use of the finite element method for the analysis of the model of this 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. complex material requires usage of fine meshes and a lot of computation time because of the ultra-thin size of the superconductive layer. So this analysis is a real challenge.
In this paper, a simplified model for HTS tape materials is proposed. This model is based on the classical beam theory, along with the subdivision of each layer into small sub-layers affected by purely axial stress. Upon completion of this model, we demonstrate its validity by comparison with finite element analyses on some simplified cases. Finally, we use this model to propose an optimized design of HTS tapes adapted to the cylindrical shaping process.
II. NUMERICAL MODEL
A. Analysis in the Elastic Area: Axial Stress Distribution
The model is based on the theory of beam bending [12] , [13] . The beam section is composed of different material layers. The beam has length l and width b. Each layer (m) is characterized by the thickness h m , Young's Modulus E m , axial strain ε m and yield stress σ m . Each material layer m is subdivided into small sub-layers i as illustrated in Fig. 2 . Each sub-layer is supposed to be submitted to purely axial stress σ i .
We assume that the beam section is submitted to purely bending moment M (the axial force N = 0). The bending moment induces a rotation of the section around the neutral axis of the beam.
The section is supposed to be submitted to the curvature (k), which induces the following strain in the section:
where z N -is the position of the neutral axis, z i -is the position of the i-th layer. The corresponding axial stress and force are equal to:
where A i -is the cross-sectional area of i-th layer. The location of neutral axis position (z N ) can be obtained using the equilibrium equation in the axial direction: which leads to the following expression:
The bending moment is given by:
Equation (6) gives an explicit relationship between the bending moment and the curvature.
B. Shear Stress Distribution
The shear stress distribution is determined from the equilibrium of a small slide of the beam. The slide is delimited by the lateral surfaces S i and S i+1 and the lower surface B i and the free up-surface. The lateral surfaces S i and S i+1 are submitted to the axial force P i and P i+1 , respectively, while the lower surface is submitted to the force τ i dy.
The equilibrium of the slide allows the determination of the shear stress as follows:
C. Beam Deflection
According to the beam theory, the deflection (w) is determined by the integration of the following differential equation:
D. Analysis in Plastic Area: Axial Stress Distribution
As an approximation for plasticity domain in our model we consider that the strain-strength diagram of material will be idealized, elastic-plastic and without hardening (Prandtl chart- Fig. 3 ).
The condition of plasticity domains is defined by the following expression:
where m refers to the material. With this condition the variation of the axial stress σ i is not linear with the curvature k. In the plastic domain σ i is constant and depends only on the nature of the material, whereas in elastic domain, as explained in the previous paragraph, σ i is dependent on k and z. The corresponding axial force is equal to:
The position of the neutral axis (z N ) as well as k are determined from the resolution of the set of equations (4)- (6) and from (9) and (10) . Since this set of equations is nonlinear, the resolution is conducted using an iterative procedure. The bending moment is calculated according to the following equation:
Equation (11) gives the nonlinear relationship between the bending moment (M ) and the curvature (k).
III. IMPLEMENTATION AND VALIDATION
A. Implementation in MATLAB
The model presented in Section II has been implemented in MATLAB. The program performs a step-by-step analysis. At each step, we impose the curvature increment to be Δk. The values of the neutral axis (z N ), axial stress (σ ı ) and axial stain (ε m ) are determined by the resolution of the nonlinear system of (4)- (6) and (9)- (11) . The shear stress (τ ı ) is computed from (7), while the corresponding bending moment is determined from (11) . The program provides the corresponding values of the neutral axis (z N ), the axial stress (σ ı ), the axial strain (ε m ), the shear stress (τ ı ) and the bending moment (M ) for the different values of the curvature (k).
B. Presentation of the Validation Example
The program has been checked by comparison to finite element analyses conducted by COMSOL Multiphysics software. As an example, the cantilever beam was used in the analysis as illustrated on the Fig. 4 . To reduce the calculation time, the length of the model used for our comparison is taken to l = 300 μm, while the width b is equal to 20 μm. The beam is composed of 4 layers. Table I summarizes the properties of these layers, which were taken from [14] and [15] . The beam is submitted to an increasing uniform pressure at the upper surface (q).
C. Results
As an example, Fig. 5 shows the distribution of the normal stress in the section of the beam with the length l = 35 μm for two levels of the linear force q = 300 and 500 N/m. (To determine this linear force, the linear pressure should be multiplied by the thickness of the tape). The curvature (k) can be easily transformed into bending radius (ρ, m) using the following equation:
For example, the k = 1000 was required by industrial processes, because the final diameter of the wire should not be more than 2 mm.
The variation of the neutral axis position during bending is illustrated in Fig. 7 . It is observed that in the Case 1, the YBCO layer is in the compression (−) state and stays far away from neutral axis, whereas in the third and fourth configurations, the neutral axis is below the YBCO layer in the elastic domain, and then it moves towards the upper surface and exceeds the YBCO layer by about 5% of the beam height. In the Case 2, the neutral axis is below the YBCO layer at the beginning of the loading process, and then it moves towards the upper part of the beam and stays close to the YBCO layer. This configuration is considered to be the best one, as the neutral axis remains close to the YBCO layer.
V. CONCLUSION
The fabrication of 2G HTS cylindrical wires includes a phase of large scale bending, which can induce both axial and shear stresses in the YBCO layer. The optimal design requires keeping the neutral axis close to the superconducting layer. In this paper, we have presented a simplified model, which is based on the classical beam theory along with discretization of each layer into small sub-layers under purely axial loads. The model takes into consideration a simplified plastic behavior of the HTS tape constitutive materials. The model has been validated by a comparison with finite element analysis. This model could be easily implemented and it gives a first approach to decide which type of HTS tapes to be tested.
The model has been used to propose an optimized design of HTS tapes by the analysis of different configurations that could be produced industrially. Analysis has resulted in recommendations for the optimal configurations that reduce the stresses in the superconducting layer. Test program is ongoing according to these recommendations with the Hastelloy substrates.
